Simultaneous intraventricular pressure gradients and ejection flow patterns were measured by a multisensor catheter in 6 patients with normal left ventricular function and no valve abnormalities, at rest and in exercise. Peak measured intraventricular pressure gradients were attained very early in ejection, amounted to 6.7 ± 1.9 (SD) mm Hg at rest, and were intensified to 13.0 ± 2.3 mm Hg during submaximal supine bicycle exercise. The augmentation of the gradients during exercise was associated with a pronounced accentuation of the flow acceleration and flow at the instant of peak gradient. At peak flow, the intraventricular gradients amounted to 5.4± 1.7 mm Hg at rest and 10.0±1.8 mm Hg during submaximal exercise. The exercise-induced enhancement of the measured intraventricular pressure difference at the time of peak flow was underlain by an accentuation of the peak flow itself. A semiempirical fluid dynamic model for ejection was applied to the pressure gradient and simultaneous outflow rate and acceleration data to identify the contributions by local and convective acceleration effects to the instantaneous intraventricular gradient values. The peak intraventricular pressure gradient, which is attained very early in ejection, is mostly accounted for by local acceleration effects (85 ±5% of the total). Conversely, at peak flow only convective acceleration effects are responsible for the measured pressure gradient. Thus, when inertia! effects are augmented, as in exercise and other hyperdynamic states, the intrinsic component of the total left ventricular systolic load can be substantial, even with no outflow tract or valve abnormalities. In view of the inverse force-velocity relation of the myocardium, this implies that the intrinsic component of the left ventricular load and the corresponding component of the left ventricular muscle load must be taken into account in exploring analytically the loading feedback between the total myocardial load and the acceleration, velocity and extent of shortening, which, along with end-diastolic dimensions, determine ejection flow waveforms. (Circulation Research 1987;61:220-227) 
W e have previously demonstrated that in valvular aortic stenosis large intraventricular subvalvular gradients are present in the absence of a second subvalvular site of anatomic obstruction.' Moreover, we have shown analytically that such subvalvular gradients reflect the action of inertial forces. 2 Careful probing of the intraventricular flow field, using multisensor catheters in patients undergoing elective cardiac catheterization at our institution, has revealed intraventricular pressure gradients of considerable magnitude at rest and increasing with exercise in humans without any impediment to outflow and with normal ventricular function (Figure 1 ). (The terms "pressure drop" and "gradient" are used interchangeably in this paper. Although gradient refers to the rate of change of pressure with distance, both terms emphasize that so far as the flow is concerned, it is differences in pressures that matter, not the pressure itself.) The increasingly wider use of micromanometers in research and clinical cardiac catheterization studies has fostered the need to better understand ejection pressure gradients in normal human ventricles. Accordingly, the principal purpose of this study is to explore the process of flow development in systole and its influence on the production of intraventricular pressure gradients. Useful criteria allowing such normal gradients to be differentiated from subvalvular gradients associated with valvular stenosis are also ascertained, as is the possible role of normally occurring ejection gradients in ventricular systolic dynamic loading.
Subjects and Methods Fluid Dynamic Considerations
The remarkably unsteady nature and brief duration of ejection render the intraventricular ejection flow field practically inviscid. 2 Thus, its dynamics are governed by the Euler momentum equation which, setting aside gravitational effects, expresses mathematically the balance that exists at any instant of time between the pressure force and the inertial forces that are associated with acceleration of a fluid element. In the present study, we relate gradients of lateral pressure measured by micromanometers aligned along the center line of the outflow tract to center line axial velocity changes of the ventricular ejection flow field. Thus, it suffices to consider only the axial component of the Euler momentum equation. Its integration along the ventricular outflow axis yields the following unsteady Bernoulli equation: where the subscript "r" signifies the aortic ring, which we select as reference position for measurement of volumetric flow rate, Q r , and acceleration, dQ r /dt; AP(t) is the instantaneous drop in lateral pressure measured between an upstream sensor in the vicinity of the center of the chamber and a downstream sensor at or just below the aortic ring. The symbols a and /3 denote parameters, both of which depend on geometric factors and blood's density. Along with applying volumetric acceleration and flow rate values, respectively, a and /3 enter in the apportionment of the measured AP(t) into local and convective acceleration components according to equation 1.
Hemodynamic Data Acquisition
The fluid dynamic data were obtained on 6 adult patients catheterized for evaluation of a chest pain syndrome. Biplane left ventriculography, proximal aortography, and routine hemodynamic measurements confirmed the precatheterization expectation on the basis of clinical examination, M-mode, and twodimensional echocardiography that there was neither fixed nor dynamic outflow obstruction and no impair FIGURE 1. Typical intraventricular gradients obtained by multisensor catheterization in normal man. Simultaneous recordings of deep and subaortic left ventricular pressure (LVP) are depicted in the top panels, and their instantaneous difference is shown on a blown-up scale at the bottom. Note the explosive development of the peak intraventricular gradients and their great accentuation during submaximal supine bicycle exercise; in the case illustrated, the peak intraventricular gradient value is more than doubled (16 mm Hg) during submaximal exercise from its level at rest (7.5 mm Hg). ment of left ventricular (LV) function. Routine catheterization data are summarized in Table 1 . All subjects were studied in a basal fasting state and were unsedated or lightly premedicated with oral diazepam (10 mg) 1 hour before the procedure. The study was approved by the Clinical Investigation Department and the Human Use Committee at Brooke Army Medical Center.
A No. 7F or No. 8F Millar left heart multisensor catheter with 2 laterally mounted solid-state micromanometers, one at the tip and the second 5 cm proximal, and an electromagnetic flow velocity probe at the level of the proximal (downstream) micromanometer, was used for the fluid dynamic measurements. This retrograde catheter was manipulated so that the proximal sensors (pressure/velocity) were within the chamber as close as possible to the aortic ring, while the tip micromanometer was in the vicinity of the center of the chamber, as illustrated in Figure 2 .
The velocity and pressure sensors (Mikro-Tip, Millar Instruments, Inc., Houston, Tex.) and associated amplifiers were calibrated and pressure gain settings matched, as previously described." The flow velocity probe was energized using a sine wave AoSP, aortic root systolic pressure; AoDP, aortic root diastolic pressure; AoMP, aortic root mean pressure; BSA, body surface area; CO, cardiac output; E, exercise; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; LVSP, left ventricular systolic pressure; R, rest; *p< 0.0005; tp <0.005; $p< 0.025; §p< 0.0025, rest vs. exercise.
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FIGURE 2. Solid-stale multisensor catheter placement for measurement of intraventricular pressure gradients and outflow velocity. Note that the distance between the two pressure sensors is 5 cm; the velocity sensor is at the same location as the downstream micromanometer.
flowmeter (Biotronex, model BL613, Silver Spring, Md.). The frequency response of the flow velocity measurements was determined primarily by the electronics with low-pass characteristics, down 3dB at 100 Hz. A time delay of 5 msec was present at this filter setting and was accounted for in the measurements. 3 All subjects were studied at rest and during submaximal supine bicycle exercise averaging 3-4 mets, sustained at steady state over a 5-minute period of Douglas bag collection of expired air. Duplicate cardiac outputs were measured at rest by the direct Fick method, and single determinations were made during exercise. All fluid dynamic measurements, including intraventricular pressure and flow velocity signals, were recorded at the time of cardiac output determination. Multiple thermodilution measurements of cardiac output were also obtained. Intraventricular pressure and flow velocity, an electrocardiogram, and a respiratory signal (pneumatic belt) were recorded on a Honeywell 5600 analog tape recorder and an 1858 fiberoptic strip chart recorder (Test Instruments Division, Honeywell, Inc., Denver, Colo.). The data were later replayed from the FM tape and displayed on the 1858 fiberoptic recorder at paper speeds of 200 mm/sec; for all hemodynamic measurements, pressure and flow signals were low-pass filtered with corner frequencies at 100 Hz. For the illustrations shown in the subsequent figures, all signals were recorded with a filter setting of 20 Hz to suppress artifacts from high-frequency interference and noise." Because of the flat velocity profile at the aortic ring and negligible cyclic variations in the size of the ring, the flow velocity signal was used to represent instantaneous volumetric outflow as previously described. 2 -7 Volumetric calibration of this signal was accomplished by setting the systolic summated area under the ejection velocity tracing obtained by integration over 20 beats as equal to the outflow volume, scaled to the period of integration, determined from the simultaneous cardiac output value. On playback, the left ventricular pressure and flow measurements were recorded along with electronically derived volumetric flow acceleration and intraventricular pressure difference signals, the latter displayed at a scale with 10 times the sensitivity of the basic pressures. The flow derivative was obtained using an Accudata 132 (Honeywell, Inc., Denver, Colo.) differentiating amplifier with a corner frequency of 800 Hz; the time delay of the differentiator was less than 0.5 msec at this setting.
Fluid dynamic variables averaged from at least 10 steady-state cardiac cycles, both at rest and in exercise in each subject, were 1) the peak intraventricular gradient and the volume flow velocity and flow acceleration at the instant at which the peak gradient occurred and 2) the peak flow velocity and the gradient at the instant at which the peak velocity occurred.
Formal Identification of Ejection Model Coefficients and Statistics
The unknown model parameters a and /3 of the simple mechanistic model for the flow-associated ejection gradients (equation 1) were estimated by standard formal identification technique via multivariate least-squares regression. The input dynamic measurements used were the volume flow velocity and acceleration at peak gradient, and the output data was the peak intraventricular ejection gradient. Validation of the model was accomplished by numerical and statistical criteria arising from the least-squares procedure.
Statistical comparisons of hemodynamic and fluid dynamic variables between rest and exercise were done by the paired Student's t test.
Results
Hemodynamic Measurements
Representative tracings of simultaneous left ventricular pressures and outflow velocity in absence of fixed or dynamic outflow obstruction are demonstrated in Figures 3-6. Figure 3 the associated left ventricular outflow velocity; and electrocardiogram (ECG). In the intraventricular pressure difference recording, note the sharp, 20 mm Hg spike that is associated with the vibration of the cardiohemic system as aortic valve closure is taking place and is not an artifact.
Note the prominent intraventricular pressure difference, which is developed briskly and attains an early peak well in advance of the peak in the ejection velocity. The long compensatory pause following the ineffective premature ventricular contraction ( Figure 4 ) affords a means of demonstrating the matching of the micromanometers and amplifierequisensitivity. Figure 5 displays intraventricular pressure-flow relations during submaximal supine bicycle exercise in the same subject. The intraventricular pressure gradient is developed with explosive rapidity, and its peak value is augmented greatly from rest levels in step with the accentuation of the early flow acceleration and velocity. Figure 6 exhibits the impulsive early systolic development of the pressure gradient and flow acceleration. Peak pressure gradient values were attained within about 25 msec from the onset of the upstroke of the flow velocity at rest and within 20 msec during exercise. Only a very small blood volume -generally, less than 10 ml -had been ejected by the time the peak gradient values were attained. Consequently, the corresponding ventricular volumes were very near their maximal (end-diastolic) levels.
Intraventricular pressure gradients and flow variables at rest and exercise are given in Table 2 , and representative values are displayed graphically in Figure  7 . In the top panel, note the augmentation of the peak measured intraventricular pressure difference between the vicinity of the center of the chamber and that of the aortic ring to 13 mm Hg on average with submaximal supine exercise. The simultaneous accentuation of the flow acceleration and of the flow rate measured at the region of the aortic ring at the time of the peak gradient is striking. In the bottom panel is shown the enhancement of the measured peak flow and the measured intraventricular pressure difference at the time of peak flow, with submaximal supine exercise. Whereas the peak flow itself increases by nearly 50% from its resting levels, the associated measured intraventricular pressure gradient is almost doubled. As is further shown in Table 2 , at the time of peak intraventricular pressure gradient, the outflow velocity amounts to only 65% of its peak value; even more notable is that at the time of peak flow, the intraventricular pressure gradient has already fallen to about 80% of its peak value.
By least-squares regression, the following equation was fitted to the fluid dynamic data: AP = 7OO+1.2O-dQ r /dt + O.OO9-Q r 2 , using CGS units Figure 3 ).
(r = 0.85, F= 11.57, p<0.005). This semiempirical model equation was used in quantitating the contributions of the local acceleration and convective acceleration components to the peak instantaneous intraventricular pressure gradient that was measured in early ejection. For the combined rest and exercise data, the local acceleration component accounts for roughly 85% of the total peak inertial gradient. Its contribution tends to be somewhat higher at rest than during exercise, because dQ r /dt at the time of peak gradient is not augmented as much as the outflow velocity and Q r 2 in the transition from rest to exercise. At peak flow, the local acceleration is zero and the convective acceleration component accounts for 100% of the inertia! intraventricular ejection gradient (Figure 8 ).
Discussion
We have shown that measured intraventricular ejection pressure gradients embody local acceleration and convective acceleration components. As intraventricular blood accelerates in the course of ejection, a force must be applied to increase its kinetic energy. This force is generated by the contracting left ventricular walls and is manifested as the intraventricular ejection pressure gradient. The presence of the local inertial effects, which depend on the time derivative (dQ/dt) rather than outflow rate (Q), gives rise to the instantaneous "impulse gradient." 3 The presence of the convective inertial effects, which are proportional to the square of the ejection flow rate, gives rise to the instantaneous "Bernoulli pressure gradient." PLVG, peak left intraventricular pressure gradient; F.PLVG, left ventricular outflow rate at the time of PLVG; A.PLVG, left ventricular outflow acceleration at the time of PLVG; PLVF, peak left ventricular outflow rate; G.PLVF, left intraventricular pressure gradient at the time of PLVF; FF, flow fraction of PLVF corresponding to F.PLVG; GF, gradient fraction of PL VG corresponding to G.PLVF; *p<0.0025;tp<0.025;tp< 0.01 ; §p< 0.001; Up < 00005, rest vs. exercise.
The sign of dQ/dt indicates the direction in which the impulse gradient will act. In early ejection, when dQ/dt is positive, the impulse gradient acts to provide a force in the direction of the blood's motion (in the opposite direction to the negligible viscous force). Later in ejection, when dQ/dt is negative, the gradient tends to act in the opposite direction to the blood's motion (in the same direction as the viscous force). Rapidly diminishing forward flow is maintained transiently by the momentum that was previously built up during the phase of positive dQ/dt. Hence, the forces associated with blood's inertia oppose both acceleration and deceleration of the flow. In contrast with this, the familiar viscous forces generally resist acceleration but augment deceleration since they rob momentum from the flow.
The presence of the local inertial effects that are proportional to dQ/dt not only contributes to the instantaneous pressure gradient magnitude but also contributes a phase lag between the measured intraventricular pressure drop and the pulsatile ejection velocity. As we have previously shown, 2 such a lag is much more evident in the normal ventricle, i.e., in absence of outflow obstruction, than in the presence of aortic valvular stenosis because the influence of the enhanced taper in the subvalvular region in aortic stenosis is much stronger on convective than on local acceleration gradients.
The impulse gradient associated with the local acceleration effect is proportional to the distance between upstream and downstream measurement sites. 2 Since its contribution in absence of outflow obstruction amounts to roughly 85% of the total measured peak instantaneous intraventricular gradient, it follows that values of the impulse gradients that actually apply across the entire length of the left ventricular outflow axis could be considerably higher than those measured across the 5 cm length of the multisensor catheter.
At peak flow, only the Bernoulli pressure gradient is operative since the local acceleration (dQ/dt) is zero. This convective acceleration component is determined by the difference in the square of the axial linear outflow velocity between the upstream and downstream measurement sites. 2 In our present semiempirical equation, the Bernoulli component is formulated in terms of the square of the outflow velocity (Q r 2 ). The numerical formulation of the convective component in terms of the square of the outflow velocity is somewhat misleading conceptually: while acceleration is always associated with a force and thus a pressure gradient, velocity is not, except when significant viscous dissipative effects are present. In our semiempirical formulation, the square of the outflow velocity (Q r 2 ) is effectively used as a proxy for the difference between FIGURE 8 . Very early in the ejection phase, at peak pressure gradient, the impulse pressure gradient, associated with the local acceleration, accounts for roughly 85% of the total inertial gradient. With the sharp rise in ejection velocity, the balance tilts rapidly infawr of the Bernoulli component. At peak flow, the latter, associated with the connective acceleration, accounts for 100% of the measured intraventricular pressure gradient.
the squares of the 1 inear axial velocities at the upstream and downstream measurement sites.
In a confluent flow field (with converging streamlines), the convective acceleration component will always act in the same direction as the viscous force. It will cause a pressure drop in the direction of the flow, irrespective of whether the simultaneously applying local acceleration (dQ/dt) in the flow field is positive, negative, or zero. Thus in late ejection, when the local acceleration component is opposed to the cortvective component, whether the measured intraventricular pressure gradient values are negative, positive, or zero will depend on the relative magnitudes of the impulse and Bernoulli pressure gradients that apply between the two micromanometers.
In earlier investigations of transvalvular impulse gradients in absence of outflow obstruction, convective acceleration effects were not encompassed in the analysis. 3 -8 Consequently, it was stated incorrectly that at the time of peak velocity (when local acceleration is zero), the pressure gradient should also be zero if inertia continued to dominate the dynamics of ejection. It was postulated that factors other than inertia, such as viscous resistance, were responsible for the large pressure gradient present at the time of peak outflow rate. The present study has shown that it is the convective (Bernoulli) inertial effect that is responsible for the large intraventricular (and transvalvular) gradients at the time of peak ejection velocity.
As we have shown previously, 2 the contribution of the convective acceleration component to the intraventricular and the transvalvular pressure gradients is much greater than normal in patients with aortic stenosis. This permits application of a simplified Bernoulli formula, allowing only for the convective component, to the assessment of the time course of the pressure drop across a stenotic valve by Doppler. 9 " 1 ' The more stenotic the valve, the greater the accentuation of the convective acceleration effect and the better the estimate of the time course of the pressure drop by the simplified Bernoulli formula. Since in absence of outflow obstruction the contribution of the local acceleration effect accounts for roughly 85% of the total peak pressure gradient, neglecting the local acceleration effect introduces substantial errors when the simplified Doppler Bernoulli formula is applied to the evaluation of the time course of transvalvular pressure drops in absence of obstruction. Moreover, although the peak pressure drop calculated from the maximal velocity represents the peak pressure drop during systole in severe or moderate aortic valvular stenosis, this is not the case in absence of outflow obstruction, as the present study demonstrates.
The attainment of the peak intraventricular (and transvalvular) pressure gradient early in ejection and well before the attainment of the peak flow rate is the major distinguishing hallmark of the nonobstructive ejection pressure gradient. With tight or moderate outflow valvular stenosis, the intraventricular subvalvular and the transvalvular peak ejection pressure gradient are attained later in systole at the time of the peak ejection rate.
In left ventricular systolic dynamics, use is made conventionally of a single, uniform intraventricular pressure, 12 and in the absence of any outflow obstruction, the left ventricular systolic load is taken to be determined only by the aortic root pressure. However, despite similar intraventricular peak pressures near end systole, the present study has demonstrated substantial early systolic intraventricular pressure gradients. They are inertial in nature and associated with flow within the chamber. Consequently, we define as the intrinsic component of the total systolic load sensed by the wall the intraventricular pressure gradient. The aortic root pressure gives only the extrinsic component. Even with submaximal exercise in the cardiac catheterization laboratory, peak intraventricular pressure gradients (intrinsic component) in excess of 15 mm Hg were measured in the present study across a segment of the outflow tract. With more intense exercise levels, or in other intensely hyperdynamic states, 13 considerably higher gradients should be developed inertially in early ejection.
Thus, the lateral pressure against which the ventricular walls are contracting is actually much higher than the pressure measured in the aortic root. Conceptually, the situation is not different from the familiar state of affairs with outflow valvular stenosis, when the pressure against which the left ventricular walls are contracting exceeds greatly the pressure at the aortic root. However, in absence of outflow obstruction the impulsive development of the ejection gradients very early in ejection has an important corollary: because these gradients are attained at a time when the left ventricular operating volume is close to its maximum (end-diastolic) levels, the action of the intrinsic component of the load on the left ventricular muscle is amplified by considerations of the LaPlace law. 1415 Thus, the intrinsic component cannot be ignored. In view of the inverse load-velocity relation of the myocardium, it is both the extrinsic and the intrinsic components that, along with applying end-diastolic dimensions, determine ejection flow waveforms. 216 -18 In conclusion, the present study has demonstrated the presence of intraventricular ejection pressure gradients of substantial magnitude in the human left ventricle in the absence of any dynamic or organic outflow obstruction and has delineated characteristics distinguishing them from obstructive gradients and transvalvular pressure drops. Consideration of only the extrinsic component (aortic root pressure) of the total systolic load in studies of cardiac mechanics could be misleading, especially in states characterized by vigorous ejection when the intrinsic component (intraventricular pressure gradients) is substantial.
